Recombinant and non-recombinant modified vaccinia virus Ankara (MVA) strains are currently in clinical trials as human immunodeficiency virus-1 (HIV) and attenuated smallpox vaccines, respectively. Here we tested the ability of a recombinant MVA delivered by alternative needlefree routes (intramuscular, intradermal, or into the palatine tonsil) to protect against immunodeficiency and orthopoxvirus diseases in a non-human primate model. Rhesus macaques were immunized twice 1 month apart with MVA expressing 5 genes from a pathogenic simian human immunodeficiency virus (SHIV)/89.6P and challenged intrarectally 9 months later with the pathogenic SHIV/89.6P and intravenously 2.7 years later with monkeypox virus. Irrespective of the route of vaccine delivery, binding and neutralizing antibodies and CD8 responses to SHIV and orthopoxvirus proteins were induced and the monkeys were successively protected against the diseases caused by the challenge viruses in unimmunized controls as determined by viral loads and clinical signs. These non-human primate studies support the clinical testing of recombinant MVA as an HIV vaccine and further demonstrate that MVA can provide long-term poxvirus immunity, essential for use as an alternative smallpox vaccine.
Introduction
The development of safe and effective vaccines against existing and emerging pathogens is a major focus of medical research. Since the onset of the AIDS epidemic more than two decades ago, enormous efforts have been directed to making a vaccine that will protect against human immunodeficiency virus-1 (HIV); an effective vaccine is thought to require the induction of cellular and humoral responses (Douek et al., 2006; Letvin, 2005; Mascola, 2003) . Vaccine candidates have included a variety of HIV immunogens delivered as DNA (Barouch et al., 2001a; Otten et al., 2006; Rao et al., 2006) , attenuated poxviruses (Franchini et al., 2004; Ourmanov et al., 2000; Van Rompay et al., 2005) , adenoviruses (Barouch et al., 2004; Peng et al., 2005; Shiver et al., 2002) , vesicular stomatitis virus (Egan et al., 2004) , proteins Xu et al., 2006) , and various combinations thereof (Hu, 2005) . Our efforts Virology 366 (2007) 84 -97 www.elsevier.com/locate/yviro to design an HIV vaccine have focused on modified vaccinia virus Ankara (MVA) as a vector (Moss, 1996) . During repeated passages in chick embryo fibroblasts (Mayr et al., 1975b) , MVA acquired several large deletions and small mutations including the loss of immune defense genes restricting efficient replication to chick embryo and baby hamster kidney cells (Antoine et al., 1998; Blanchard et al., 1998; Carroll and Moss, 1997; Drexler et al., 1998; Meyer et al., 1991) . MVA was demonstrated to be safe in immunocompromised mice and monkeys and tested without incident in humans (Mayr et al., 1975a; Stickl et al., 1974; Stittelaar et al., 2001; Wyatt et al., 2004) . Because the host restriction involves a late block in morphogenesis, foreign genes can be expressed at high levels by the use of an appropriate viral promoter (Carroll and Moss, 1997 ) (Sutter and Moss, 1992) . Furthermore, recombinant MVA (rMVA) induces strong cellular and humoral immunity in animal models and can be administered by numerous routes (Sutter et al., 1994) .
In the present study we evaluated an rMVA, expressing HIV (HIV 89.6P Env and Tat) and SIV (SIVmac239 Gag, Pol and Nef) proteins, administered by three alternative routes. Rather than traditional needle delivery systems for intramuscular (IM) and intradermal (ID) inoculations, we used the needle-free Biojector, which has been reported to enhance the immunogenicity of a DNA vaccine in humans (Wang et al., 2001) . In addition, a study in mice demonstrating immunogenicity of a DNA vaccine injected into the inguinal lymph nodes (Maloy et al., 2001 ) prompted us to test this concept by direct delivery of rMVA into organized lymphoid tissue of the palatine tonsils (PT) via the Syrijet Mark II, a device used for subtopical delivery of anesthesia in pediatric dentistry. Humoral and cellular immune responses were determined and protection against a SHIV/89.6P (Reimann et al., 1996) challenge was demonstrated after only two closely spaced rMVA injections without a DNA prime.
Recently, there has been increased interest in smallpox vaccines because of perceived terrorists threats (Henderson, 1999) . Variola virus, the causative agent of smallpox, is closely related to vaccinia virus (VACV), which was successfully used to eradicate smallpox (Fenner et al., 1988) . However, live VACV may be unsafe for a large segment of the world population (Enserink, 2002; Fulginiti et al., 2003) renewing interest in attenuated vaccine strains such as MVA, which had never been tested for efficacy. Monkeypox virus (MPXV), which causes a lethal human disease in parts of Africa, is closely related to both variola and VACV and has been used as an animal model for smallpox (Zaucha et al., 2001 ) (LeDuc et al., 2002) . Recent studies showed that two immunizations with MVA protected monkeys against a lethal challenge of MPXV Stittelaar et al., 2005) , although the duration of immunity was not determined. Because the monkeys in the present study had maintained normal CD4 counts and appeared healthy despite the SHIV infection, we decided to challenge them with MPXV at more than 2.5 years after vaccination with rMVA in order to test the longevity of poxvirus immunity. The results indicate that durable protection against monkeypox, and by analogy smallpox, can be achieved by MVA and would also be a collateral effect of a recombinant MVA vaccine.
Results

Construction and characterization of MVA/KB9-5
The products of the env and gag genes are the primary immunogens in most HIV vaccines. However, since regulatory proteins are also targets of cytotoxic T cells (CTL), we included a tatnef chimeric gene as well as env and gagpol genes corresponding to those of the clonal isolate SHIV/KB9 derived from the pathogenic SHIV/89.6P (Karlsson et al., 1997) in a new rMVA construct called MVA/KB9-5 (Fig. 1A) . Expression of Env, Gag and Tatnef proteins was analyzed by immunoprecipitation. The Env precursor gp160 was produced and partially cleaved to gp120 (Fig. 1B) . In addition, the Env protein was shown to be biologically functional in a fusion assay with cells expressing CD4 and CCR5 or CXCR4 (not shown). Gag precursor p55 as well as cleavage products p41 and p24 were also made (Fig. 1B) and assembled into particles as demonstrated by sedimentation of the medium of infected cells through a 20% sucrose cushion (not shown). Tatnef was immunoprecipitated by both anti-tat antibody and serum from a SIVinfected monkey and migrated at the predicted mass of 40.5 kDa (Fig. 1B) . Localization of Tatnef in the cytoplasm of infected cells was demonstrated by immunofluorescence (not shown). 
Study design
The study timeline is shown in Fig. 1C . Thirty rhesus macaques were immunized with 2 × 10 8 infectious units of either MVA/KB9-5 or non-recombinant MVA at weeks 0 and 4 using needle-free methods of administration. The Biojector was used for IM and ID immunizations and the Syrijet Mark II for delivery into the PT. To minimize variability, all MVA doses were delivered into two sites on each animal, i.e., into both legs or both PTs. Eight monkeys were placed in each of the ID and IM groups; seven were placed in each of the PT and control groups. Control animals were subdivided such that three received non-recombinant MVA via the IM or ID route and two received it in the PT. Macaques used in the study were prescreened and 15 MamuA⁎01 + animals were selected to allow analysis of CD8 + T cell responses to the immunodominant gag epitope CM9. Four MamuA⁎01 + animals were assigned to each of the MVA/KB9-5 groups and three to the control MVA group. The SHIV challenge was intrarectal, as the mucosal route mimics the predominant method of human HIV transmission, and was performed 9 months after immunization to allow immune responses to recede into memory.
At 2.7 years after SHIV challenge, all but one of the vaccinated animals was alive: plasma SHIV RNA was undetectable and CD4 cell counts were in the normal range. At this time, we assessed the ability of the memory immune responses in these SHIV-infected monkeys to protect against MPXV. Thus, six monkeys (two from each immunization group) were challenged intravenously with a potentially lethal dose of MPXV. To determine the ability of rMVA to boost immune responses in SHIV-infected animals, the 16 remaining monkeys were re-immunized with MVA/KB9-5 more than 3 years after the initial immunizations.
Vaccine-induced SHIV antibody responses
Env-binding and SHIV/89.6P neutralizing antibody titers were measured after MVA/KB9-5 immunization. All animals developed similar levels of KB9 gp140-binding antibodies ( Fig.  2A) , with those immunized in the PT having significantly higher values than others only at week 6 (p b 0.006 for comparisons with IM and ID). In a previous study (Earl et al., 2002) employing IM needle delivery of an rMVA that expresses the 89.6 env, the binding antibody titers were significantly lower after two immunizations than those reported here, with an average reciprocal titer of 4500 (p b 0.025 for comparison of two IM delivery modes). Neutralizing antibody to SHIV/89.6P was elicited in 2, 4, and 3 of the animals in the PT, ID, and IM groups, respectively, with reciprocal titers ranging from 29 to 262 (Fig. 2B) . In addition, several of these animals also had low neutralizing activity against the partially heterologous SHIV/ 89.6, with reciprocal titers ranging from 32 to 71. In contrast, no neutralizing activity was previously found after two IM immunizations using needle delivery (Earl et al., 2002) . Because the two delivery systems were not evaluated concurrently, further evaluation of the Biojector for IM delivery of MVA is warranted.
Vaccine-induced SHIV T cell responses
T cell responses to the immunodominant Gag epitope CM9 were measured by tetramer staining in the MamuA⁎01 + animals (Altman et al., 1996) (Fig. 2C ). All MVA/KB9-5-immunized animals had detectable responses after a single immunization (0.31 to 1.34% tetramer + /CD8 + cells), which were boosted in most animals after the second immunization (0.29 to 2.87% tetramer + /CD8 + cells). The responses appeared sooner in the PT group than in the others with averages at 1 week after immunization of 0.53, 0.17 and 0.18% tetramer + /CD8 + cells in the PT, ID, and IM groups, respectively. However, by the second week and at every time point thereafter, differences between groups were not observed.
T cell responses to the entire Gag, Env and Tatnef proteins were measured in an ELISpot assay using pools of overlapping peptides (Fig. 2D ). Gag and Env-specific T cells were generated by a single MVA/KB9-5 immunization and were somewhat lower on average after the second immunization. Gag responses ranged from none to 468 and none to 595 spots per million cells (weeks 1 and 5, respectively) although every animal had a measurable response at a minimum of one time point. At week 5, Gag responses were significantly higher in the PT as compared to the IM group (p = 0.034). Env responses were found in every animal at both time points with values ranging from 273 to 2293 and 45 to 1553 spots per million cells at weeks 1 and 5, respectively. Although values were higher in the PT group the differences were not statistically significant. ELISpot responses to the immunodominant Gag epitope CM9 were also measured (not shown). These followed the same pattern found with CM9 tetramer staining, i.e., they were higher after the second immunization than after the first. The frequencies of Tatand Nef-specific T cells were low with only half of the animals having any response at either time point.
SHIV/89.6P challenge
Nine months after the second rMVA immunization, the animals were challenged intrarectally with 20 infectious units of SHIV/89.6P (1.2 × 10 10 copies of SHIV/89.6P RNA) as described (Amara et al., 2001 ). All of the control and all but one of the vaccinated animals (Rh641 in the IM group) became infected as judged by increased humoral and cellular responses to Env and Gag (Fig. 2) . Control animals exhibited a rapid and profound loss of CD4 T cells within 3 weeks after challenge (Fig 3) and died between 8 and 13 months. In contrast, all but one of the vaccinated animals remained healthy for more than 2 additional years. An outlier Rh606 in the PT group became ill and died at month 17 after challenge. CD4 T cell counts were significantly lower in controls than in vaccinated groups between weeks 3 and 20 (p b 0.0019).
At peak viremia, 2 weeks after challenge, the geometric mean RNA viral load was greater than one log lower in the immunized groups than in the control group (p = 0.0339, 0.0017, and 0.0175 for PT, IM, ID, respectively) (Fig. 4) . By 8 weeks, the geometric mean titers in the immunized groups were greater than two logs lower than in the control group (p b 0.006) but there were no significant differences between any of the vaccine groups.
SHIV/89.6P-induced immune responses
Rapid and strong anamnestic Env-binding and SHIV neutralizing responses occurred in the vaccinated animals after challenge (Figs. 2A, B). The average reciprocal Env ELISA titer for each vaccine group was greater than 165,000 and 970,000 at weeks 2 and 3, respectively, and was 1,368,000 at week 196. This long-lasting response was likely due to persistent low-level SHIV/89.6P infection. SHIV/89.6P neutralizing antibody titers also rose dramatically after challenge with average reciprocal titers greater than 1700 and 6500 at weeks 2 and 3, respectively. In contrast, neither Env-binding nor SHIV neutralizing antibodies were detected in any of the control animals until week 8.
T cell responses were also boosted rapidly in vaccinated animals after SHIV challenge (Figs. 2C, D). Tetramer binding increased from an average of 0.15% to 3.6% tetramer + /CD8 + cells by 2 weeks after challenge in vaccinated animals. Average Gag and Env ELISpots increased from 31 to 799 and from 118 to 1004 spots per million cells, respectively, by 2 weeks after challenge. At 3.7 years after vaccination, sixteen of the animals were boosted with MVA/KB9-5 by the same route as their initial immunizations. There was no increase in HIV Env-binding titers, likely reflecting the persistence of antibody at high levels as noted above. However, there was a 2-fold (p = 0.309) increase in tetramer and 3.3-fold (p = 0.0025) increase in Gag ELISpot values after boosting (not shown).
VACV immune responses
Immune responses to both VACV MV and EV were determined in several assays shown in Fig. 5 . For the VACVbinding and neutralizing analyses, the pre-challenge data from animals immunized with MVA and MVA/KB9-5 were combined, as they were similar. Titers for binding and neutralizing antibodies to VACV (Figs. 5A, D) were higher in the ID and IM groups than they were in the PT group (p b 0.041 for binding and ≤ 0.0031 for neutralizing antibodies) at week 6 and thereafter. Antibody titers to the MV protein L1 (Fig. 5B ) and the EV protein B5 (Fig. 5C ) were also higher in the IM and ID groups than in the PT group. Antibodies to the EV form of VACV were determined by two methods: a plaque reduction assay that directly measures neutralization of EV (Fig. 5E ) and a comet reduction assay that measures inhibition of satellite plaque formation (Fig. 5F ). Strong EV neutralizing activity, comparable to that of VACV immune globulin, was found in all animals at week 6. Although this activity declined by week 134, it was still readily demonstrable in all animals. Similarly, comet reduction was highest at 6 weeks.
To examine the boosting effect of rMVA after a prolonged period of time, the remaining sixteen animals were reimmunized 3.7 years after the initial immunization. VACV MV-binding and neutralizing titers which had slowly declined as shown in Fig. 5 were enhanced by this third immunization to levels equivalent to that elicited immediately after the second immunization (not shown).
VACV-specific interferon (IFN)-γ producing CD8 cells were enumerated using cryopreserved cells obtained 1 week after the first (week 1) and second (week 5) rMVA immunization as well as from a later time point (week 34) when responses had receded into memory. Positive responses were detected in 6/15, 13/20, and 18/20 animals at weeks 1, 5, and 34, respectively (Fig. 6 ). No differences were seen between the three routes of immunization. Although higher responses would be expected immediately after immunization, we found the highest percent of IFN-γ producing cells at the later time point. This may be explained by the observation (R.R.A., unpublished) that cells in memory are more efficiently revived after freezing.
MPXV challenge
Two and a half years after the second MVA/KB9-5 immunization, six of the monkeys (two from each immunization group) were challenged intravenously with 5 × 10 7 infectious units of MPXV to determine the long-term protective effect of immunization with rMVA. At this time the VACV MVbinding antibody titers had declined to less than 1:6400 and neutralizing titers to less than 1:563. Two naive rhesus monkeys were added to the study as negative controls. MPXV load and appearance of lesions were monitored every 3 days and are shown in Figs. 7A and B, respectively. The peak viral load was lower by 2.5 logs in the immunized as compared to the naive animals. The difference between the two groups was statistically significant from days 3 through day 12 (p b 0.0054). Also, the naive monkeys developed large numbers of lesions and became seriously ill. As is typical in rhesus macaques, the lesions resolved by day 22 after infection. In contrast, the immunized monkeys developed few or no lesions that were small and atypical in appearance and resolved quickly. Most importantly, the vaccinated animals showed no clinical signs of illness. In the vaccinated animals, no correlations were found between the magnitude of the pre-challenge immune responses and the post-challenge viral load or numbers of lesions.
Discussion
The major conclusions of this study are that only two vaccinations with an rMVA administered by any of three routes provide durable protection against disease caused by a pathogenic SHIV as well as long-term immunity to a severe MPXV challenge. Previous studies showed that repeated immunizations with rMVAs expressing HIV and/or SIV proteins, either alone or as a boost to a DNA vaccine, induce immune responses that partially protect against SHIV or SIV challenge (Amara et al., 2001 (Amara et al., , 2002b Barouch et al., 2001b; Earl et al., 2002; Ourmanov et al., 2000; Van Rompay et al., 2005) . In anticipation of Phase I clinical trials utilizing rMVA viruses developed in our laboratory, we evaluated a simplified vaccine strategy consisting of only two immunizations given within a 1-month period. In addition, we compared various routes of immunization. Although the SHIV/89.6P model does not precisely mimic the course of HIV in humans, it does allow the use of HIV env and other genes in a pathogenic non-human primate model. Thus our rMVA contained HIV-1 env and tat genes in addition to SIV gag, pol and nef genes. Strong early/late VACV promoters were used to drive high level expression of native Env, Gag and Pol and a chimeric fused form of Tat and Nef.
We determined that two immunizations with rMVA, given 1 month apart, were sufficient to protect monkeys against disease induced by a lethal dose of SHIV/89.6P, and that similar protection was achieved irrespective of the IM, ID, or PT route of immunization. In contrast, control animals rapidly lost CD4 T cells, succumbed to disease characterized by low CD4 count and were euthanized within 8-13 weeks after challenge. The peak and setpoint RNA loads in the vaccinated animals were significantly lower than that in naive controls. Additionally, the protected animals maintained normal CD4 T cell levels, good health, and undetectable viral RNA for up to 3.5 years after challenge. A similar level of protection against intrarectal challenge with SHIV/89.6P was reported in several papers by Amara et al. (2001 Amara et al. ( , 2002b . In those reports, animals received either an rDNA prime/rMVA boost or three rMVA immunizations. Interestingly, although the rDNA/rMVA protocol induced much higher levels of Gag-specific T cells than did the rMVA protocol, the protection was indistinguishable. Also, the third rMVA immunization resulted in only a minor increase in Gagspecific T cells. Here we showed that Gag-as well as Envspecific T cell responses were higher after one than after two rMVA immunizations. Nevertheless, antibody titers as well as CM9 tetramer responses were boosted after the second immunization. It would be interesting to challenge monkeys after a single rMVA immunization to determine if there is protective immunity at that time.
Although the route of immunization did not affect the degree of protection against SHIV/89.6P, we did observe small differences in immune responses. Gag and Env ELISpot and Env-binding antibody titers were higher in the PT-immunized group, but the differences were not always significant. Two individual animals were outliers in the study: animal Rh606 in the PT group who succumbed to disease and animal Rh641 in the IM group who resisted infection. However, in comparison to the other animals in the study, neither of the outliers had noticeably different immune responses that could account for their fates. Although a correlation between Gag-specific T cell responses and levels of SHIV RNA in individual animals after challenge has been reported (Barouch et al., 2001b) , no direct correlation between the magnitude of any of the immune responses measured and the level of SHIV RNA were found here. Neutralizing antibody titers were determined using a flow cytometric assay that measures reduction in infectivity of a VACVexpressing EGFP (Earl et al., 2003) . Symbols as above. (E) Percent neutralization of VACV EV was determined in the presence of excess L1 Mab 7D11. Serum samples from individual animals were assayed and the averages for animals in each group are indicated as: PT, light gray; IM, medium gray; ID, black. Vaccinia virus immune globulin (VIG) was used as a positive control. (F) A comet reduction assay was performed using VACV strain IHD-J. Serum samples from all animals were assayed and one representative example from each immunization group is shown. We used the Biojector for IM and ID delivery of MVA because it was reported to generate higher immune responses (Wang et al., 2001) , while avoiding the use of needles. Although we did not perform a direct comparison, we have previous experience using a needle for IM delivery of a related rMVA (Earl et al., 2002) . In comparing the results of the two studies, there was significantly higher Env-binding antibody to the respective matched gp140 proteins and some neutralizing antibody responses to SHIVs after only two immunizations with the Biojector, possibly due to wider distribution of the virus at the site of inoculation. However, a direct comparison of the two inoculation methods is needed to confirm this impression.
Our previous non-human primate studies utilized an rMVA that contained only env and gagpol immunodeficiency virus genes (Earl et al., 2002; Amara et al., 2002a) . To potentially increase immunity to the challenge virus and to examine immune responses to accessory proteins, we included tat and nef sequences in the new rMVA. Both Tat and Nef are expressed early after infection with HIV and induce CTL (Addo et al., 2001; Sriwanthana et al., 2001) . In addition, immune responses to vaccines containing tat and nef have been obtained (Cafaro et al., 2001; Hel et al., 2002; Richardson et al., 2002) and there is a report that immunization with tat alone can be protective (Cafaro et al., 2001) . However, in the present study only a few animals developed ELISpot responses to Tat and Nef and these were low and sporadic. The fact that responses were high after challenge indicates that the earlier low results were not artifactual false negative results due to the assay. Although we demonstrated good expression of the chimeric protein in tissue culture experiments, evidently it was not very immunogenic.
Development of a smallpox vaccine with an improved safety profile over the licensed Dryvax vaccine is currently a priority (Fulginiti et al., 2003) . Because MVA was shown to be safe in immune compromised non-human primates (Stittelaar et al., 2001 ) and was tested without apparent adverse effects in over 120,000 people (Mayr et al., 1975a; Stickl et al., 1974) , it is being considered as an alternative smallpox vaccine. However, since smallpox has been eradicated, the efficacy of MVA cannot be tested in humans. Instead, protection must be demonstrated in suitable animal models. Toward this end, we and others showed that two immunizations of non-recombinant MVA strongly protected cynomolgous monkeys against a lethal dose of MPXV administered shortly after vaccination Stittelaar et al., 2005) . Here we evaluated the long-term immunity induced by a similar vaccination protocol in rhesus macaques. While the VACV antibodies declined in the monkeys during the 2.7-year period between vaccination and challenge, sufficient memory remained to provide solid protection against the MPXV challenge. Additionally, these animals resisted MPXV challenge in the face of SHIV infection that had been controlled for more than 2 years. That these monkeys had normal CD4 T cell counts was likely crucial, as in another study, SHIVinfected monkeys with low CD4 T cell counts succumbed readily to MPXV challenge (Edghill-Smith et al., 2005) . (Nigam et al. 2007 ) have also found long-lived protective immunity to MPXV in rhesus macaques that were vaccinated twice with another rMVA but not challenged with SHIV. In addition, we re-immunized 16 animals with MVA/KB9-5 at 3.7 years after their initial immunization to determine the efficiency of boosting after a prolonged period of rest. The HIV Env antibody titers were high at the time of reimmunization, probably due to persistent low-level infection with SHIV/89.6P, and no increase in titer was observed. Nevertheless, there was more than a 2-fold increase in Gag ELISpot and tetramer values after boosting. In contrast, VACV does not cause a persistent infection and the VACV MV ELISA and neutralizing titers increased by more than one log within 1 week of boosting, showing that a rapid anamnestic response could be elicited.
In conclusion, we described a simplified vaccination schedule in which an rMVA protected against disease following challenge with a pathogenic SHIV 9 months later and a MPXV challenge 2.7 years later. These results indicate that immunity to orthopoxviruses may be a collateral benefit of an MVA HIV vaccine.
Materials and methods
Cells and viruses
BSC-1 cells (ATCC CCL-26) and RK13 cells (ATCC CCL-37) were maintained at 37°C in modified Eagle's minimal essential medium (EMEM) supplemented with 10% heatinactivated fetal bovine serum (FBS, Hyclone, Logan, UT), 2 mM L-glutamine (Invitrogen, Carlsbad, CA), 100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen). HeLa S3 cells (ATCC-CCL-2.2) were maintained in suspension in MEM for spinner cells (Quality Biologicals, Inc., Gaithersburg, MD) containing 5% heat-inactivated equine serum (Hyclone).
VACV strain Western Reserve (WR) (ATCC VR-1354), VV-NP-S-EGFP (Anton et al., 1999; Norbury et al., 2002) and IHD-J (S. Dales, Rockefeller University, NY), were grown in HeLa S3 cells and purified by sucrose density centrifugation. MPXV strain Zaire 79 (V-79-I-005) isolated from the scab of an infected human by incubation in LLC-MK2 cells and then passaged twice in BSC-40 cells was obtained from J. Esposito (Centers for Disease Control, Atlanta) and propagated in MA-104 cells. A titered clarified lysate was used for the MPXV challenge.
Construction of MVA/KB9-5
Recombinant virus, MVA/KB9-5, expressing 5 genes corresponding to those in SHIV/89.6P was constructed. An MVA shuttle plasmid containing env, and a chimeric tatnef was constructed in 3 steps.
Step 1: The env gene, originating from pSHIV/KB9 3′end (J. Sodroski, AIDS Repository) (Karlsson et al., 1997) was cloned into pLW17 and two modifications were made. First, the cytoplasmic tail was truncated by 393 nucleotides, generating the amino acid sequence EEGERD at the C-terminus. Second, a silent mutation was made at nucleotide 1149 (T to C) (Quik Change kit, Stratagene) to eliminate a naturally occurring VACV early transcription termination signal (Earl et al., 1990 ). The resulting plasmid was called pLW-KB9env.
Step 2: A chimeric tatnef gene was constructed as follows: the tat gene was generated by ligation of 12 overlapping synthetic oligonucleotides followed by PCR amplification. The sequence used was from pSHIV/KB9 3′end with the following changes: the nuclear localization signal, RKKRR, was not included and codons overlapping with the env gene were changed to prevent potential recombination between env and tat genes in the recombinant MVA. The SIVmac239 nef gene was amplified from pSHIV KB9 3′end such that the newly generated 5′end overlapped with the 3′end of the tat gene. The tat and nef DNA products were mixed and amplified using oligonucleotides designed to generate a chimeric tatnef gene with BamHI and KpnI at the 5′ and 3′ ends, respectively.
Step 3: a DNA fragment containing the modified p7.5 promoter was amplified from pLW40 (L.S.W. and B.M., unpublished) to generate a fragment containing KpnI and BamHI at the 5′ and 3′ends, respectively. Finally, tatnef and promoter fragments were ligated simultaneously into pLW17-KB9env that had been linearized with KpnI (5′end) and BamHI (3′end) to generate pLW-KB9env/tatnef. pLW17-KB9env/tatnef was inserted into deletion II of vJH4, a virus that contains the SIVmac239 gagpol gene in deletion III, by homologous recombination using standard techniques. Sequences of the chimeric tatnef gene and of oligonucleotides used in cloning will be provided upon request.
Immunoprecipitation of viral antigens
Infection, metabolic labeling, and immunoprecipitation were performed as previously described (Sugiura et al., 1999) . Briefly, BSC-1 cells were infected with 5 pfu/cell of rMVA. Five hours post-infection, cells were washed and overlaid with methionine-free EMEM containing 5% dialyzed FBS and 100 μCi of [ 35 S]methionine (New England Nuclear, Boston, MA) per milliliter. After 20 h, cells were lysed in buffer containing 100 mM Tris-HCl, pH 8.0, 100 mM NaCl, and 0.5% Triton X-100. Lysates were clarified by centrifugation for 10 min at top speed in a microcentrifuge and subjected to immunoprecipitation. Antibodies used were: T8 monoclonal antibody to gp120 (P.L.E. and B.M., unpublished), serum E544 from a SIV-infected monkey (gift of V. Hirsch) or HIV-1 BH10 Tat antiserum (AIDS Repository, cat #705). Immunoprecipitated proteins were separated by 10% polyacrylamide SDS electrophoresis and visualized by autoradiography.
Immunization and challenge of rhesus macaques
The study utilized a total of 30 monkeys (Macaca mulatta) from Morgan Island, SC, fifteen of which were MamuA⁎01, as determined by the Wisconsin Regional Primate Research Center MHC Typing Core. Immunization and SHIV challenge were conducted at Bioqual, Inc., Rockville, MD, an AAALACInternational accredited facility, in accordance with NIAID animal care and use protocols. Three needle-free routes of immunization were employed for MVA administration. Each dose was administered at two sites for a total amount of 2 × 10 8 infectious units. A Syrijet Mark II apparatus (Mizzy, Inc., Cherry Hill, NJ) was used for immunization directly into the PT in a volume of 50 μl per site. IM and ID immunizations were performed using a Biojector (Bioject Medical Technologies, Inc., Portland, OR), delivering 0.5 ml and 0.1 ml per site, respectively. Control animals received non-recombinant MVA via the same routes (3 animals ID, 2 animals IM, 2 animals in PT). Immunizations were performed at weeks 0 and 4 in all animals. The IM and ID groups contained 8 animals each; the PT and control groups contained 7 animals each. Vaccine and control groups were assigned four or three MamuA⁎01 animals, respectively. All monkeys were challenged with 20 intrarectal infectious units of the pathogenic SHIV/89.6P by the intrarectal route at week 41.
KB9 env ELISA
Immulon-2-HB 96-well microtiter plates (Thermo Labsystems, Franklin, MA) were coated overnight at 4°C with sheep antibody to the C-terminus of gp120 (Cliniqa Corporation, Fallbrook, CA) at 2.2 μg/ml in CB1 bicarbonate buffer (Immunochemistry Technologies, Bloomington, MN). KB9gp140, purified from the medium of BSC-1 cells infected with MVA/KB9gp140 (P.L.E. and B.M., unpublished), was diluted in blocking buffer (PBS containing 5% non-fat dry milk and 0.2%Tween 20) to a concentration of 0.6 μg/ml and captured for 2 h at room temperature. Plates were incubated with blocking buffer for 1 h at room temperature. Two-fold serial dilutions of monkey sera were incubated for 2 h at room temperature followed by horseradish peroxidase-conjugated anti-monkey IgG (Accurate Chemical and Scientific Corp, Westbury, NY) for 1 h at 37°C and then 3,3′,5,5′-tetramethylbenzidine (BM Blue, POD substrate Roche Molecular Biochemicals) for 30 min at room temperature. Absorbency was measured at 370 and 492 nm.
Neutralization of SHIV/89.6P
Neutralization was measured in an MT-2 cell assay as described previously (Crawford et al., 1999) . Virus stocks were produced in human peripheral blood mononuclear cells (PBMC). Titers of neutralizing antibodies are presented as the reciprocal of the serum dilution that reduced virus-induced cell killing by 50% as measured by neutral red dye uptake.
Tetramer staining
Approximately 10 6 fresh PBMC were surface stained with PE-conjugated CM9-MamuA⁎01 tetramer (AIDS Tetramer Facility) (Altman et al., 1996) for 30 min at 4°C followed by anti-CD3 FITC (Becton Dickinson, San Jose, CA) and anti-CD8 APC (Becton Dickinson) for 30 min at 4°C. After washing with PBS, cells were fixed with 2% paraformaldehyde and analyzed with a FACSCalibur (Becton Dickinson) using Cell Quest and FlowJo software (Treestar, Inc., Ashland, OR).
IFN-γ ELISpot
96-Well Multiscreen IP plates (Millipore Inc., Bedford, MA) were briefly soaked with 100 μl of 70% ethanol and then rinsed 3× with deionized water. Plates were coated with 50 μl of GZ-4 anti-human IFN-γ (Mabtech, Mariemont, OH) at 5 μg/ml in 1× Dulbecco's phosphate-buffered saline (DPBS) without Ca + or Mg + for 2 h at 37°C. Plates were washed 3× with DPBS and blocked with 150 μl Roswell Park Memorial Institute (RPMI) buffer containing 10% FBS for at least 30 min at 37°C. After incubation, RPMI was removed and 50 μl peptide pools at a concentration of 4 μg/ml were added to each well. Plates were then seeded with 2 × 10 5 fresh PBMC/well. Final concentration of peptide was 0.2 μg in 100 μl. Peptides used were as follows: fifty SIVmac239 Gag peptides (20-mers overlapping by 10 amino acids, AIDS Repository, cat #4495-4544) were dissolved at 1 mg/ml in either water or dimethylsulfoxide according to the Repository recommendations. Five pools containing 10 peptides each were prepared and stored in aliquots. Twenty-one pools, each containing 10 peptides, spanning the entire 89.6 Env coding sequence (15-mers overlapping by 11 amino acids). Peptides in pool #21 were from the C-terminus of gp160, a region not included in the protein expressed in MVA/KB9-5, and served as a background control. Peptides spanning the Tatnef chimeric protein (15-mers overlapping by 11) were synthesized by Emory University Microchemical Facility, Winship Cancer Center. These were dissolved in dimethylsulfoxide at a concentration of 100 mg/ml and subsequently diluted and pooled (10 per pool) for use in the assay. Cells were stimulated with peptides for approximately 36 h in a CO 2 incubator at 37°C. The plates were washed six times with DPBS containing 0.05% Tween 20. Biotinylated 7B6-1 antihuman IFN-γ antibody (Mabtech 7B6-1) at 2 μg/ml was added for 2 h at 37°C followed by washing and incubation with avidin peroxidase (Vectastatin ABC Elite Kit, Vector Laboratories, Burlingame, CA) according to the manufacturer's directions. Spots were developed with peroxidase substrate (Vectastatin AEC Substrate) and enumerated with an automated ELISpot reader (ZellNet Consulting, Inc., Fort Lee, NJ). The number of background spots ranged from 0 to 95/10 6 but was typically under 15/10 6 cells. Only counts of greater than 20/10 6 cells after subtraction of background were used.
CD4
+ T cell counts Plasma SHIV RNA copy number SHIV RNA copy number was enumerated by quantitative PCR using plasma collected after SHIV infection (Cline et al., 2005) .
VACV MV ELISA
VACV strain WR mature virions were purified by sucrose gradient sedimentation from lysates of infected HeLa cells and used to coat 96-well microtiter plates (Thermo Labsystems) at 10 7 pfu/ml in CB1 bicarbonate buffer (Immunochemistry Technologies) at 37°C overnight. Liquid was removed from the plates and virus was inactivated by incubation with 2% paraformaldehyde for 10 min at 4°C. Plates were washed with buffer (0.15M NaCl, 0.5% Tween 20), blocked for 1 h with blocking buffer (PBS containing 5% non-fat dry milk and 0.2% Tween 20) and subsequently incubated with 2-fold dilutions of sera for 1 h at 37°C. Peroxidase conjugated anti-monkey IgG (Accurate Chemical and Scientific Corp.) was added at a dilution of 1:4000 and incubated for 1 h at 37°C followed by BM Blue substrate (Roche Molecular Biochemicals) for 30 min at room temperature. Absorbency was measured at 370 and 492 nm.
VACV L1 and B5 protein ELISA
96-Well microtiter plates were coated overnight at 4°C with either soluble recombinant L1 (0.4 μg/ml) or B5 (1 μg/ml) protein diluted in PBS. Both proteins were produced in insect cells infected by a recombinant baculovirus and purified from the medium by nickel affinity (Aldaz-Carroll et al., 2005a , 2005b . Plates were washed, blocked, and endpoint titers for individual serum samples determined as described above for MV ELISA.
VACV mature virus neutralization assay
Neutralization of VACV WR was performed as previously described using a flow cytometric assay employing a recombinant virus expressing EGFP (Earl et al., 2003) .
Comet reduction assay
BSC-1 cells were infected with the VACV strain IHD-J, which produces comet-like satellite plaques due to the release of large amounts of extracellular virus. After 2 h, monolayers were washed three times and overlaid with medium containing serum samples diluted 1:66. After 40-44 h, cells were stained with crystal violet and photographed.
VACV EV neutralization assay
For production of extracellular virus (EV), RK-13 cells were infected with VACV strain IHD-J at a multiplicity of infection of 0.1 plaque forming units for 1.5 h after which the monolayer was washed twice and overlaid with EMEM containing 2.5% FBS. Approximately 20 h after infection, the EV-containing medium was transferred to a conical tube and debris was removed by low speed centrifugation. Serum samples (1:5 final dilution) were incubated with 10 μl of EV in PBS containing 3% bovine serum albumin and 6.9 μg/ml VACV L1 monoclonal antibody 7D11 in 96-well round bottom plates. The amount of 7D11 used was determined to be more than sufficient to neutralize the contaminating MV virus in the EV preparation. After 1.5 h at 37°C, samples were diluted and used to infect monolayers of BSC-1 cells in 6-well plates. The volume used for infection was determined empirically to give 90-150 plaques/well. Samples were plated in quadruplicate. After 48 h, cells were stained with crystal violet and plaques were enumerated. The percent neutralization was determined by the formula: 100 − number of plaques with test sample and 7D11 MAb × 100 / number of plaques with 7D11 MAb only. VACV Immune Globulin (Cangene Corp., Winnipeg, Canada) was included as a positive control in all experiments.
VACV-specific IFN-γ producing PBMC Quantitation of VACV-specific IFN-γ producing cells was performed on cryopreserved cells as follows. Cells were thawed at 37°C and transferred to a 50-ml conical tube. Ten milliliters of warm RPMI containing 10% FBS (RPMI-10) and 50 U/ml benzonase nuclease (Novagen, CN Biosciences, Inc., Madison, Wisconsin) were slowly added to the tube. Cells were centrifuged for 5 min at 1200 rpm, washed once in RPMI-10 containing benzonase, and suspended in 1 ml of RPMI-10. After overnight incubation at 37°C, they were centrifuged at 1200 rpm for 5 min and suspended in RPMI-10 containing CD28 and CD49d (BD Biosciences, San Jose, CA) each at a final concentration of 1 μg/ml. Cells were either infected with MVA at a multiplicity of infection of 6, stimulated with PMA (50 ng/ml)/ionomycin (2 μg/ml) or unstimulated. After 7 h, brefeldin A was added to a final concentration of 10 μg/ml and incubation was continued overnight. Cells were then washed with 3 ml RPMI-10, stained for 30 min at 4°C with CD8 fluorescein isothiocyanate and CD3 phycoerythrin (BD Biosciences), treated with Cytofix/cytoperm (BD Biosciences), and stained for 30 min at 4°C with IFN-γ allophycocyanin (BD Biosciences). After washing, cells were suspended in 2% paraformaldehyde and acquired on a FACSCaliber using CellQuest software. Analysis was performed using FlowJo software (TreeStar, Inc., Ashland, OR).
MPXV challenge
Immunized and control monkeys were delivered to USAM-RIID, Ft. Detrick, MD, where they were challenged with 5 × 10 7 infectious units of MPXV by the intravenous route. The number of monkeypox genomes per milliliter of blood was determined by extraction of DNA with the QIAGEN QIAmp DNA mini Kit and quantitative TaqMan-MGB PCR as previously described . Monkeypox lesions were enumerated every 3 days after challenge.
Statistical analysis
Statistical differences between vaccine groups were assessed by ANOVA using Statview software (SAS Institute Inc., Cary, NC). BEI Resources. MamuA⁎01 typing was performed by the Wisconsin Regional Primate Research Center MHC Typing Core. Richard Stout provided assistance with the Biojector. This work was supported in part by funds from the intramural program of NIAID, NIH.
